Abstract| Recently, there has been a great increase in interest in using three dimensional stereoscopic displays to provide viewers with realistic 3D views of objects of interest. Some applications where stereoscopic displays are becoming popular include medical visualization, visualization of meteorological data, and various virtual reality applications. To quantify the e ectiveness of stereoscopic systems over conventional monoscopic systems, well-designed experiments and data analysis methods are necessary. This task requires the combined e ort of application scientists and experts in experimental design. Lack of interdisciplinary collaboration is a primary weakness of many stereoscopic display studies, resulting in the neglect of many important but subtle experimental issues. In this paper, we discuss speci c issues that arise in the design of studies to determine the e ectiveness of digital stereo imagery. Issues concerning statistical analysis of the experimental data are also discussed. References to related literature from engineering, computer graphics, and psychophysics are given. The issues developed herein provide a guideline for the design of studies to compare observer performance when using di erent imaging modalities.
I. Introduction
Euclid, in about 300 B.C., was the rst to state that images of an object seen by the left and right eyes are slightly di erent. However, it was not until 1832 (when the rst stereoscope was designed) that the principles of stereoscopy were well understood. By displaying two slightly di erent images to the left and right eyes, Wheatstone demonstrated that the images can be fused by the human visual system to give a three-dimensional appreciation of depth. Soon after the invention of photography, stereo cameras were devised. By 1860, stereo photography had become a popular pastime. The stereoscopic method was used in x-ray imaging as early as 1898 1] and there was wide spread interest in 3D movie production in the early part of this century 2], 3]. However, the extra time and care needed for stereo imaging, the complicated stereo mounting process, and the variable quality of early stereo display devices all contributed to a decline of interest in stereoscopic techniques 4].
Recent improvements in computer and video technology have made realistic high-quality three-dimensional visualization possible 5], 6]. As a result, interest in stereoscopic techniques has been rekindled. The fact that we can see well with only one eye indicates that monocular cues such as occlusion, color, shadow, texture, and linear perspective can provide a sense of depth 7], 8], 9], 10], 11]. However, there are several practical cases (e.g. x-ray imaging) where monocular depth cues are absent or minimal. Using random dot stereograms, Julesz has shown that binocular vision is su cient for perception of objects even in the absence of any other cues (color, shading etc.) 12] .
A natural question arises: \Is stereo viewing really benecial in terms of aiding visualization, or is it just fun to view stereo images?". This question re ects a general increase in awareness within the scienti c visualization community of the importance of performing objective psychophysical experiments in addition to gathering subjective assessments. Some studies have been conducted to determine the e ectiveness of stereo viewing for various tasks 18] . In the realm of medical applications in particular, we have conducted studies to investigate the diagnostic utility of stereo radiographic imagery in aiding the detection of abnormalities such as small early cancers of the breast 19] . Many similar studies have yet to be conducted for complete cost/bene t analysis of stereo viewing for various applications. In this paper, traps and pitfalls in designing such studies and issues associated with statistical analysis of the experimental data are discussed. An integrated approach covering both the technical and psychophysical aspects is taken. In the rest of this section, some terms commonly used in stereo vision are de ned. An introduction to stereo display technologies and a framework of a typical psychophysical experiment are also described.
A. TERMINOLOGY AND STEREO DISPLAY TECH-NOLOGY Binocular stereo perception results from the fusion of two slightly di erent images received by the left and right eyes. Consider the case of viewing a physical object in the real world. Because the images in the two eyes (retinal images) are captured from di erent viewpoints, a given point in the scene may be projected to non-corresponding points on each retina. Assuming that the observer is xating at point F, then the images of F will fall on the center (fovea) of each retina. Consider now another point A. The images of this point fall on di erent sides of the fovea in each eye. The angular di erence between the two images is called the disparity angle (see Figure 1 ) 20]. This disparity is interpreted by the visual system as representing features at di erent distances from the observer. Depth perception can also be achieved by presenting two pre-captured or precomputed images to the two eyes (see Figure 2 ). In this
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Right Image case, corresponding points in the two images (e.g. A L and A R ) which fall on di erent parts of the retinas will give rise to disparity and result in depth perception. When the object under consideration is further than the xation point, the disparity is said to be \uncrossed", because the right half image is seen by the right eye and vice versa. However, when the object is nearer to the observer than the xation point, the left half image is seen by the right eye and the right half image is seen by the left eye. In this case, the disparity is said to be \crossed". The case of \crossed" disparity is illustrated in Figures 1 and 2 .
Binocular parallax and the horizontal visual angle (HVA) are other terms which are used in the literature. Binocular parallax refers to the distance between the left and right eye views of a point in a scene projected on a plane perpendicular to the observer's line of sight (see Figure 2) . The horizontal visual angle is de ned as the angle necessary to subtend h units of horizontal screen parallax from a point lying on a line orthogonal to the screen at a distance of k units from the screen, i.e. h = 2ktan( =2) (see Figure 3 ) 21]. Given two slightly di erent views of a scene, the question becomes how the appropriate view can be correctly presented to each eye. The stereoscope is the rst invention which accomplishes this task. Another well-known stereo viewing device is the ViewMaster. In general, stereoscopic display systems can be divided into two broad categories: time-parallel and time-multiplexed systems. In the former, the left and right views are simultaneously presented to the observer; in the latter, they are alternately presented in rapid succession, with the use of optical techniques to occlude the right eye when the left-eye view is being presented and vice versa. Time-multiplexed stereoscopic color display with the use of liquid-crystal display (LCD) glasses is currently the most popular stereo display method (see Figure 4 ). This method is chosen as the basis for discussion in this paper. It should be noted that many of the issues discussed are relevant and valid for other stereo display methods too. Good reviews of various stereo display methods can be found 19] , the question to be answered is whether stereoscopic viewing will enable observers to detect targets that may otherwise be missed if monoscopic viewing is used. This can be considered as a signal detection problem (i.e. whether an observer can better detect the presence of a target (signal) in a noisy stereoscopic image than in a noisy monoscopic image) 26]. In the rest of this paper, the signal detection experiment is used as an example for discussion purposes.
A typical psychophysical experiment begins with an introduction and some instructions for the subject. This is followed by a practice session which gives examples of the tasks required of the subject. To compare the performance of observers when using stereoscopic versus monoscopic viewing, images have to be appropriately displayed in the experimental sessions. In the stereoscopic (stereo) sessions, the left and right images are alternately displayed in rapid succession so that observers wearing active LCD glasses receive the left image with the left eye and the right image with the right eye. In the monoscopic (mono) sessions, identical images are presented to the left and right eyes so that no binocular disparities will be produced by the images. Some (usually half) of the displayed images contain targets (speci c items to be searched for) while the rest of the images have no targets in them. Subjects are asked to rate the displayed image according to whether they think a target is present in the image or not. The collected experimental data are analyzed to determine if detectability of observers di ers between the stereo and mono sessions. A common method for estimating detectability from the experimental data is the receiver operating characteristic (ROC) technique 26] .
The design of a psychophysical study appears to be straightforward and simple. However, in practice, several subtle issues relating to experimental design and data analysis must be confronted 27]. Although a discussion of some issues relating to stereoscopic color displays and receiver operating characteristic analysis can be found in the literature 24], 28], no comprehensive discussion of the design of psychophysical studies from an interdisciplinary perspective has been reported. In sections II and III, we bring together a discussion of various technical and psychophysical issues which may be encountered while designing and conducting stereoscopic display studies and provide some guidelines as to how they can be addressed. The next two sections contain stand-alone subsections that can be read in any arbitrary order.
II. ISSUES IN THE DESIGN OF EXPERIMENTS
An important point which cannot be overemphasized is that the decisions made in the design of a psychophysical study should be based on the actual applications being evaluated. For applications where monocular depth cues (such as motion parallax and linear perspective) abound, interaction between the cues has to be examined. This may involve performing a series of studies where the advantages gained by di erent cue utilizations are systematically examined 29] . For example, when tested with random dot images, binocular parallax has been found to be superior over other cues such as motion parallax 17]. When motion is present, however, a reduction in the salience of binocular parallax is observed 29]. Another issue that should be noted is that observers with di erent interocular distance will have a slightly di erent perception of the same images. For a discussion on how to generate stereo pairs that accurately portray the geometry of a given scene for a given observer (i.e. orthostereoscopy 5]), see 30] , 31]. In many applications, it is not feasible to generate di erent images for di erent observers; hence, to re ect the actual applications being evaluated, the same images are typically used for all observers. In our discussion, we focus on the evaluation of the bene ts of stereoscopic (over monoscopic) techniques for the detection of targets in static images. Many of the issues discussed are similar for the case of moving stereoscopic images but additional issues arise. In particular, if rotation or movement of the observer is allowed, issues relating to the motion-tracking hardware and the updating of the images have to be dealt with 30], 31], 32]. A. VIEWING CONDITIONS Constant lighting conditions, viewing distance, and viewing direction should be maintained. Keeping viewing conditions constant reduces the variability of subject's performance within a session, between sessions and between subjects. This is crucial to ensure repeatability of the experimental results. Reducing variability is also important if performance di erences between the modalities tested are to be found statistically signi cant.
It is important to note there are some di erences between perception of a physical object and perception of a pair of xed stereo images (see Figures 1 and 2 ) 30]. When viewing a physical object, the absolute depth, d, of the object remains constant regardless of viewing distance, b, while the relative depth changes. However, for a screen image, the relative depth, d=b, remains constant while the absolute depth changes. The relationship between depth, d, and angle of disparity, , (as derived in 33]) is:
(1) where b is the distance of the xation point from the interpupillary line and I is the interpupillary distance. By con-vention, the angle of disparity, , is positive for uncrossed disparities and negative for crossed disparities.
In real life, when looking at physical objects rather than their images on a display, if the viewing distance is changed, say b 0 = kb, then 0 = I d k 2 b 2 ) 0 = =k 2 . Assuming that the observer can accurately use to reconstruct the depth of objects, the perceived depth can be obtained by substituting 0 back to (1) . From this substitution, we get d 0 = k 2 b 2 ( =k 2 ) I = d. Hence, the depth of the perceived object is not changed.
On a display screen, however, because screen parallax remains the same regardless of viewing distance, the perceived position A of the object will change as the distance of observer from the monitor is changed. The relationship between screen parallax, depth and viewing distance is given by:
I + p : Hence, if viewing distance is changed, say b 0 = kb, then d 0 = kbp I + p = kd. As a result, even though the relative depth remains constant regardless of viewing distance, the perceived depth of the object changes as the viewing distance is changed. When an observer is close to the monitor, an object would be perceived as relatively at. When an observer is farther away, the object would be perceived as elongated in depth. Therefore, changing the viewing distance strongly a ects the visual stimulus and could lead to variability in the subject's responses. In a similar fashion, changing the viewing direction can also result in distorted perception 34]. Hence, viewing direction should also be kept constant. Head rests can be used to minimize the movement of observers. Another experimental apparatus which may be helpful in static stereoscopic display experiments is described in 35]. The basic idea is to mount a black tunnel onto the computer monitor to mask the rim of the monitor. Being able to see the rim of a monitor may reduce an observer's ability to perceive stereo images in 3D 35] . The tunnel also prevents ambient illumination from reaching the screen, thereby minimizing unwanted di use and specular screen re ections.
Although keeping viewing position and viewing direction constant is important, in practice observers tend to move. This may be due to our learned response that more can be observed when a scene is viewed from di erent perspectives. Hence, a good compromise in performing psychophysical studies is to have the observers seated at a xed position from the monitor. This allows the experimenter some control over the movement of the observers and may also more accurately re ect the actual applications. B. GHOSTING AND FLICKER As mentioned earlier, for stereo viewing, the left and right images are alternately displayed in rapid succession so that observers wearing active LCD glasses will see the left image with the left eye and the right image with the right eye. This rapid alternate display of two slightly di erent images can lead to problems of ghosting and icker.
Ghosting refers to the perception of objects which are not represented in the images. Possible causes of ghosting include slow screen phosphor decay and imperfect closing of the liquid crystal lenses. For a human viewer, the ratio of the di erence threshold for brightness to standard brightness (i.e. Weber fraction for brightness) is about 14% 36] . This means that ghosts can be reliably perceived only if they are di erent in brightness from the stimuli by more than about 14%.
The present state of the art monitors and their display tubes typically use phosphor with low persistence; hence, ghosting e ects due to slow phosphor decay are minimized. If an image is producing ghosting problems, the amount of green in the image should be reduced since the green phosphor has the longest afterglow and produces the most ghosting 35], 37]. It should also be noted that the vertical position on the screen also a ects the amount of ghosting. There is comparatively less ghosting at the top of the screen than at the bottom of the screen. This can be explained by the di erent phosphor decay residuals at di erent screen positions when the left and right images are alternately displayed 35].
Ghosting can also be caused by the imperfect closing of the liquid crystal lenses. If the liquid crystal lenses are not perfectly closed when they should be, interocular cross talk may occur, i.e. the left eye may see a dimmed version of the right image and vice versa. We estimated the extent of interocular cross talk (for StereoGraphics CrystalEye glasses) by measuring the luminance (as seen through active LCD glasses) of a white image (9.0 candelas=meter 2 ), a black image (0.21 cd=m 2 ) and an image which appears white to the left eye (7.5 cd=m 2 ) and black to the right eye (0.84 cd=m 2 ). In the worst case, i.e. when the background is black, ghosting produces a luminance of 0.84 cd=m 2 . This is much greater than the luminance of the background. Therefore, it is possible that ghosting is reliably detectable and can give rise to artifactual objects. To decrease the e ect of ghosting, one solution is to increase the luminance of the background, so that the ratio of the ghosting luminance to the luminance of the background is minimized. The textural complexity of the images and the amount of binocular parallax can also a ect ghosting 38]. For a discussion on the e ect of ghosting on stereoscopic fusion and subjective ratings of image quality and visual comfort, see 35] .
Flicker is another important factor which should be considered. Since the left and right lens of the LCD glasses are alternately opened and closed (so each eye receives only its appropriate image), if the switching rate of the lens is too slow, icker may occur and cause distraction. For typical ranges of luminance, the critical fusion frequency (i.e. frequency at which icker disappears) is about 60 Hz 36] . This is below the switching rate of 120 to 144 Hz of currently available stereo display devices. Therefore, it is not likely that icker will be a problem when modern video dis-plays are used. However, annoying icker can occur if background uorescent lights, pulsing at 60 Hz, are present near the display. A beat frequency caused by the interaction of the frequency of uorescent lights and the LCD switching frequency can be observed. Hence, uorescent lighting should be avoided near LCD stereoscopic equipment which functions at near multiples of 60 Hz frequencies.
Inherent in the current technology used for timemultiplexed display is a tradeo between image detail and the screen update rate. To achieve an update rate of 120 to 144 Hz (thus eliminating icker), the image resolution is typically reduced by half. To our knowledge, there has been no reported study addressing this questionable tradeo as yet. C. SUBJECT STEREOACUITY Stereoacuity is subject to large individual di erences. In fact, approximately 8% of the population cannot fuse stereo pairs at all 22]. Furthermore, it is known that stereoacuity can be improved signi cantly with practice 39]. For an observer who has little experience with stereoscopic e ects, depth perception may take some time to occur. However, learning occurs very rapidly 40]. Variability in stereoacuity may in uence results of stereo perception experiments. This is especially true when the number of participants in an experiment is small. Hence, the stereoacuity of subjects should be measured to determine if any correlation exists between stereoacuity and stereo perception performance.
Stereoacuity is conventionally measured in two conditions. In both conditions, the subject is shown two line segments, one above the other. In the rst condition the subject's task is to judge whether the top segment is in front or behind the bottom one 41]. In the second condition, the top segment is always behind the bottom one and the subject's task is to identify how far apart the line segments are 42]. It was shown in the past that stereoacuity is di erent in these two conditions 42] and it was suggested that these two conditions reveal operation of di erent visual mechanisms. Speci cally, in the rst condition the subject needs perceptual access only to ordinal properties of the stimulus (relative depth) whereas in the second condition the subject must have access to metric properties of the stimulus (distances in 3D). So, if the performance in the rst condition was positively correlated with the enhancement of performance in detecting targets in stereoscopic compared to monoscopic viewing, this would suggest that binocular viewing improved detection of targets at the early stage of visual processing (e.g. image segmentation). If, on the other hand, the performance in the second condition was positively correlated with the enhancement of performance in detecting targets in stereoscopic as compared to monoscopic viewing, this would suggest that binocular viewing improved detection of targets at a later stage of visual processing that involves reconstruction of 3D metric structure of the object.
Depending on the stereo perception task that is required of the subjects, stereoacuity tests may or may not be a good predictor of task performance. Nevertheless, stereoacuity tests are useful as a screening tool to identify subjects with extremes of stereoacuity. For example, individuals who are not able to perceive stereo images at all will not be useful subjects in stereo perception experiments and should be excluded.
D. IMAGE INTENSITY DIFFERENCES
From Weber's law, it is known that humans' ability to discriminate di erences in brightness of two areas is constant over a wide range of intensities 36]. Stereoacuity, on the other hand, has been found to increase as retinal illuminance increases, until at high intensities the curve approaches asymptotically a limiting value 43]; therefore, for stereo viewing, image luminance should be set as high as possible. However, having di erent image intensities can lead to varying response time. This may a ect the accuracy of responses (due to speed-accuracy tradeo ) 44]. Hence, in order to isolate the performance bene ts of stereoscopic viewing, image intensities for the stereo and mono sessions should be kept at the same level. Since active LCD glasses reduce the amount of light entering the eye, to ensure that viewing conditions are kept constant between sessions, subjects should be required to wear active liquid-crystal display (LCD) glasses during both the mono and stereo experimental sessions.
E. PRACTICE
When comparing the performance of an observer using two di erent modalities, a basic assumption which is often made is that the observer is equally skilled with both modalities in question. This assumption may not be true in general. However, a practice session can help to minimize any di erences in skill for the di erent modalities. Practice images also serve to acquaint the subject with the visual display and the nature of the task to be performed in a given session. The practice session should continue until the observer reaches asymptotic performance. Otherwise, practice e ects can be observed. To eliminate possible biases produced by practice, the order of conditions (stereo versus mono) should be balanced among subjects.
F. FEEDBACK
In both the practice and experimental session, feedback should be provided to the subject 45], 46]. Providing feedback is a standard element in psychophysical experiments. It leads to reliable estimates of threshold. Without feedback, subjects' prior experience, which is not under the experimenter's control, would play a role 46]. To avoid cluttering the screen with too much information, audio feedback should be considered.
G. FUSIBLE STEREO PAIRS
In the study of stereo depth perception, it is important to ensure that the stereo images are easily fusible by subjects. Disparity plays a very important role in the fusibility of images. The range of retinal disparities within which objects viewed with both eyes appear single is know as Panum's fusion area. In 35], the limits of fusion when using timemultiplexed stereoscopic displays were found to be approximately 27 min arc for crossed disparity and 24 min arc for uncrossed disparity. Note that due to the di erences in display technology, fusion limits for time-parallel systems (such as head-mounted displays) may be entirely di erent.
Even though fusion limits have been found to be constant over broad photopic luminance and contrast range, studies show that fusion limits are a function of many parameters. Some of these include ghosting, stimulus size, stimulus complexity, and spatial frequency 35], 47]. Hence, depending on the actual stimuli that is shown to subjects, the fusion limit may vary. A rule of thumb for ensuring easily fusible stereo pairs (for time-multiplexed stereoscopic dispays) is that the maximum parallax should be 0.5 inch at viewing distance of 18 inches (i.e. maximum HVA of about 1:5 ) 5].
To obtain easily fusible stereo pairs, it is also important to ensure that attributes such as orientation, spatial frequency, brightness and hue of the left and right images are similar. If these details are not observed, binocular rivalry and suppression may arise and a ect depth perception 48]. A high disparity gradient (which is de ned as the di erence in disparities divided by the separation in visual angles) is another factor which may a ect image fusion 49]. In addition, it should be noted that the display of the left and right images should not be switched (i.e. left image displayed to the right eye and vice versa). Switching of the left and right images will lead to reversed depth perception with geometric distortions 50]. If color stereo images are used in a study, chromostereopsis (the di erence in apparent depth of coplanar colored stimuli) should also be considered. A good discussion on chromostereopsis can be found in 51].
H. IMAGE GENERATION
In order to compare observer performance when using the stereo and mono viewing modalities, many images with known truth state are required. The use of computational models to generate computer-simulated images has several advantages:
fundamental questions relating to the virtue of stereo displays as an aid to human perception can be answered at a low cost; \ground truth" about images is known since the targets are deliberately created and mathematically dened; the number of possible targets is unlimited, and the nature, background, and context of the targets can be systematically varied to determine under what circumstances perception is most and least in uenced by stereo display techniques; a computational model is exactly reproducible; and full control over the image formation process is possible.
Computer-simulated images are especially useful for the case of medical imaging. Collection of a large number of images from a medical imaging system is a di cult task.
In particular, the presence or absence of medical abnormalities in an image has to be determined by biopsy or by the mutual agreement of a group of board-certi ed radiologists. Sometimes it may even be impossible to obtain images, for example, when studying the performance of an imaging system that has yet to be prototyped. Simulated images can be generated from computational models by using ray tracing techniques, as described in 52], 53].
Considerable research has been done in the area of computation of computer graphics images for stereo displays 21], 54], 55]. To generate left and right views of a stereo pair (using perspective projection), the center of projections should be shifted horizontally instead of rotated; rotation can give rise to artifacts (such as vertical parallax and image warping) in the images 56], 57], 58]. Details of how to correct for distortions caused by the glass plates in-front of a CRT can be found in 31]. Research has also shown ways to reduce redundancy in computations of the left and right images 59]. A report on an e cient parallel implementation of a stereoscopic volume renderer can be found in 60].
I. READING ORDER EFFECTS
When two or more equivalent images are read by the same observer, the image read last will be interpreted more accurately than the image read rst if any relevant information is retained by the observer. To balance this reading order e ect, alternate subjects should start with the stereo session. The order of presentation of the images should also be randomized for each experimental session so that subjects cannot derive clues from the order of the images. No image should be shown more than once during a session. J. DEGREE OF DIFFICULTY OF THE DISCRIMINA-TION TASK The choice of which images should be included in a diagnostic performance experiment is not easy, but an appropriate choice is very important. A good criteria to use is that detection capacity should not be confounded with identi cation capacity. If the targets are chosen to be too subtle, poor performance will be recorded for all modalities. On the other hand, if the targets to be searched for are too conspicuous, subjects will perform well regardless of the modality used. To modify the di culty level of the discrimination task, the number of targets and properties of the targets may be varied. It may be helpful to test a few subjects in the entire experiment, note their performances and make appropriate changes to the di culty level before testing other subjects in the experiment.
Images of the same scenes should be presented in both the stereo and mono sessions. This control is to ensure that if a case sample is atypically simple or atypically di cult, it will be so for both modalities. In this way, the performance di erence between the two modalities will be an accurate measure. For cases where the images contain features that can be easily memorized by observers, the observers should be divided into two groups. Observers in the rst group will be shown stereoscopic images from set A and monoscopic images from set B. Observers in the second group, on the other hand, will be shown monoscopic images from set A and stereoscopic images from set B.
Separate stereo and mono sessions can be used to make the perceptual task less complicated and easier to learn. The use of separate sessions also helps an observer to keep his or her response criteria constant throughout each session. K. SPEED/ACCURACY TRADEOFF If using one viewing modality leads to better accuracy and, at the same time, to longer response time, one must be careful in concluding that this modality gives better discrimination. Better accuracy might have been produced by allowing a longer time for analyzing the stimulus 44]. Mean response times should be analyzed to check for the presence of a speed/accuracy tradeo . If such a tradeo is observed, a more detailed analysis testing the e ect of the experimental conditions on the entire speed-accuracy tradeo function would be required. A maximum time limit should be set for each response. This time limit can serve to simulate time constraints in real life and to minimize the variability in response times.
L. MISCELLANEOUS
In a typical study, subjects with a wide variety of vision levels should be included so that the general utility of depth perception in the particular application can be assessed. Using subjects that are not representative of the actual population that will use the application may result in experimental results that are ine ectual.
To avoid inaccurate responses due to subject fatigue, rests should be allowed during the experimental sessions. Such rests are likely to reduce variability in subject's responses.
Subjects should be told the proportion (usually half) of the images that contain targets. This information serves to minimize any unrealistic notions regarding prior probabilities which subjects may have. Such unrealistic notions may lead to biased responses.
III. ISSUES IN DATA ANALYSIS
Receiver operating characteristic (ROC) analysis has been used extensively with studies on human perception and decision making 61], 62]. ROC analysis has also been accepted as a rigorous and objective means of comparing diagnostic imaging modalities in radiology 28], 63]. To compare the performance of observers using a modi ed or innovative technology with the performance of the same observers using conventional technology, it is necessary to gather performance data for a series of images in which the truth state is known and then construct ROC curves in which the correct detection frequency (true positive fraction, TPF) of a particular object is plotted as a function of the false alarm frequency ( 
A. ESTIMATING THE AREA UNDER A ROC CURVE
A z refers to the proportion of the total area of the ROC graph (plotted on linear probability axes) that lies beneath the ROC curve (see Figure 5) . Two primary methods have been proposed for estimating the area under an ROC curve 68]. The rst is a maximum likelihood estimation (MLE) scheme based on the assumption that the underlying data is binormal. Empirically, the binormal functional form has been found to provide satisfactory ts to ROC data generated in a broad variety of situations 69]. For data that are not normally distributed, the Wilcoxon Statistic (a nonparametric approach) can be used as an alternative area estimation method. For a comparison on some techniques commonly employed in ROC analysis, see 68].
B. TESTING THE STATISTICAL SIGNIFICANCE OF DIFFERENCES BETWEEN MEASURED ROC CURVES
The student-t test of the di erences in areas under the ROC curves is a simple technique that can be used to determine the statistical signi cance of the measured results. However, the signi cance of the results may be obscured by the tendency of better skilled and experienced observers to perform better and the tendency of others to perform poorly. This di erence in performance increases the apparent variance and thus decreases the signi cance of any di erence in the performance of the two modalities if a non-paired t-test is used. To minimize the e ects of such inter-observer di erences, a paired student-t test in which each subject serves as his/her own control, is preferred.
In addition, since the ROC curves obtained from the stereo and mono experimental sessions can cross, the curves could have equal areas but di erent shapes 63]. For such situations, the statistical signi cance of di erences between pairs of points at particular TPFs of interest should be analyzed by applying a paired student-t test of di erences in FPF. In medical imaging (e.g. in the case of cancer), radiologists often prefer high sensitivity (TPF) in detecting abnormalities, even at the expense of a high FPF because of the great bene ts of early detection. Hence, typical TPFs of interests range from 0.75 to 0.95 70].
C. MULTIVARIATE ANALYSIS
If more than one type of stimulus is used, the comparison of two modalities should be performed by applying multivariate tests. For example, the Hotelling-T 2 test (multivariate counterpart of the student-t test) 71] can be applied to test the signi cance of the di erence between performances of observers when using the stereo and mono viewing modes 72].
D. DEGENERATE DATA
Degenerate data sets may occur with ROC curve tting. The most common degeneracy occurs when an observer does not distribute his or her responses more or less uniformly over all the possible rating categories. Salvage of degenerate data sets can lead to bias in the area estimate and is therefore not recommended 63]. To minimize occurrences of degenerate data sets, subjects should be instructed to use all categories and to distribute their responses uniformly over the rating scale. Although such instructions may a ect subjects' responses, no conclusive results have been reported in the existing literature 45], 73]. There is also no reason to believe that any such e ect will upset the di erential between mono and stereo viewing performance. In addition, if subjects were not instructed to distribute their responses uniformly, the data sets obtained may not be analyzable and hence may be useless.
IV. CONCLUSION
Stereoscopic visualization methods are becoming more and more prevalent. For medical imaging in particular, Computed Tomography (CT), Magnetic Resonance Imaging (MRI), Positron Emission Tomography (PET), Single Photon Emission Computed Tomography (SPECT), ultrasonography and stereoscopic x-rays all potentially provide three-dimensional imaging data from which stereo images can be obtained and visualized. However, before advocating the wide spread use of stereoscopic visualization methods, it is important to quantify the bene ts (if any) of this new visualization technique over conventional visualization techniques. There are many traps and pitfalls that one may encounter while designing a study to demonstrate the effectiveness of stereo imagery in aiding the visualization of objects. We have discussed the basics of conducting a psychophysical experiment and brought together a discussion of the problems and issues that one should consider in conducting such studies. Many of these issues may seem trivial but the validity of the study results may be a ected when these issues are overlooked. Although some of the issues (such as ghosting, icker, and image intensity di erences) are speci c to LCD stereoscopic display systems, most of the topics are relevant for any stereo display method. By properly addressing the problems and issues which have been discussed, a rigorous and e ective approach for visual performance evaluation will result. 
